The two oxysterols 27-hydroxycholesterol (27OH) and 24S-hydroxycholesterol (24OH) are both inhibitors of cholesterol synthesis and activators of LXR in vitro. Their role as physiological regulators under in vivo conditions is controversial, however.
Cholesterol has a remarkable capacity to regulate its own synthesis and metabolism (1) . Treatment with cholesterol causes a suppressed synthesis, reduced absorption from the intestine and increased rate of degradation into bile acids. The latter two effects are mediated by the nuclear liver X receptor (LXR) (2) . Under in vitro conditions side-chain oxidised oxysterols have a much higher capacity to down-regulate cholesterol synthesis and to activate the LXR target genes than cholesterol itself (for a review, see ref.
3). Because of this, oxysterols have been suggested to mediate at least part the above effects of cholesterol. There are 3 different mechanisms by which the oxysterols may affect cholesterol-sensitive genes: 1) interaction with the sterol regulatory element-binding proteins (SREBP-mechanism); 2) activation of the LXR mechanisms; and 3) effects on the degradation of specific enzymes, in particular HMG CoA reductase (HMGCR).
The major oxysterols in the circulation of man and mouse are 24S-hydroxycholesterol (24OH) and 27-hydroxycholesterol (27OH) (3) . 24OH is formed by the enzyme cholesterol 24S-hydroxylase (CYP46A1). This enzyme is located almost exclusively in the brain. There is a constant flux of 24OH from the brain across the blood-brain barrier into the circulation. This oxysterol is then taken up by the liver and converted into bile acids and conjugates of unmetabolised or partially metabolised 24OH (4) . 27OH is formed by the enzyme sterol 27-hydroxylase (CYP27A1). This enzyme is present in almost all cells in the body. There is a constant flux of 27OH and metabolites of this oxysterol from extra-hepatic sources to the liver. In the liver the 27-oxygenated steroids are converted into bile acids. There is a significant uptake of 27OH in the brain where it is rapidly metabolized into a steroid acid, 7-hydroxy-3-oxo-4-cholestenoic acid (5). This acid is also able to cross the blood-brain barrier and is rapidly eliminated from the brain and metabolised in the liver. There is a marked difference between the strong effects of the above side-chain oxidized oxysterols under in vitro conditions and the modest effects on cholesterol homeostasis observed in transgenic mouse models with increased or reduced levels of the above oxysterols (3, 6, 7) . There are very few studies in which the in vivo effects of increased or decreased levels of oxysterols have been studied in detail.
Of the two oxysterols, 24OH is the most efficient activator of LXR in vitro (8) . In a recent study we developed mice with an overexpression of human CYP46A1 having a production of 24OH 4-7 times higher than wildtype mice (9) . In contrast to the expectations, the overexpression had little or no effects on the LXR target genes. There was a significant upregulation of cholesterol synthesis in the brain, most probably a compensation for the consumption of cholesterol by the CYP46A1 enzyme. Similar findings were reported with a mouse model with a transient transfection of CYP46A1 in hippocampus and cortex (10) .
27OH is a weaker activator of LXR than 24OH. On the other hand it is present at higher levels than 24OH in plasma and almost all extra-cerebral tissues. It appears likely that the capacity of an oxysterol to inhibit cholesterol synthesis or function as activator of LXR is dependent upon the ratio between the oxysterol and cholesterol (7) . When the ligand-binding domain of LXR is exposed to mixtures of cholesterol and a side-chain oxidised oxysterol, a 500-1000-fold excess of cholesterol will prevent the binding of the oxysterol. The ratio between a side-chain oxidised oxysterol and cholesterol is higher than 1 per 1000 in the brain, in cholesterol-loaded macrophages and possibly also in the lung (7) . In these specific biological systems variations in the oxysterol levels would be expected to lead to changes in the activation of the LXR systems and possibly also variations in the degree of suppression of cholesterol synthesis.
In the present work we have studied the effect of an overexpression of the CYP27A1 enzyme on cholesterol synthesis and LXR-targeted genes in the brain of mice. These mice are known to have markedly increased levels of 27OH in plasma, liver and lung but normal levels of cholesterol (11) . A possible effect of the overexpression on LXR targeted genes in these mice has not been studied previously. It is shown here that in similarity to the situation with overexpression of CYP46A1, there was no general stimulation of LXR-targeted genes in the brain of the CYP27A1 transgenic mice. Surprisingly the overexpression led however to increased cholesterol synthesis in the brain. This increased synthesis was associated with markedly reduced levels of 24OH. In a previous work we showed that a knockout of the Cyp27a1 gene causes a slight up-regulation of cholesterol synthesis in mouse brain (12) . This is confirmed here and we also show that the knockout has little or no effect on the expression of a number of LXR target genes.
MATERIALS AND METHODS

Animals
CYP27A1 overexpressed mice, generated using the β-actin promoter (11) were from our ongoing breeding colony in Huddinge University Hospital Animal Facility (founders were provided by Eran Leitersdorf (11) ). The mice were on a C57Bl/6 background. The colony was maintained by breeding heterozygous pairs. This breeding is supposed to generate both homozygotes and heterozygotes in addition to wildtypes. It was not possible to discriminate between homozygotes and heterozygotes with the use of copy number or levels of 27OH in serum or faeces. The situation is the same as that in mice with an overexpression of CYP46 using a β-actin promoter (4). In such mice it is also not possible to discriminate between homozygotes and heterozygotes with use of copy numbers or levels of 24OH in circulation or faeces. C57BL/6 mice were purchased from Charles River Laboratories, Germany and used as a control group. Animals were housed under standard environmental conditions, with free access to food and water. Animals were genotyped by PCR with DNA extracted from ear pieces by a reagent from Viagen. Transgenes were detected by using primers specific to human CYP27A1.
Cyp27a1-/-mice, on C57BL/6 background were also used in the study (12) . The knock-out (KO) and wild type controls were generated from heterozygotes as described previously (12) . Mice were housed under standard environmental conditions with free access to food and water. At the age of 6 weeks the KO mice were fed with a diet containing 0.05% cholic acid for 4 months before sacrifice. This substitution compensates for the reduced bile acid synthesis in these mice (13) . The mice were killed by cervical dislocation and trunk blood was collected. All the mice were killed at the same time in the morning. The brain was dissected out. In the study with the overexpressed mice the whole brain was used. In the study with the Cyp27a1-/-mice cortex as well as hippocampus were collected. The brain pieces were put in liquid nitrogen and stored at -70 o C until analysed.
Ethical considerations
All experimental procedures in this study were in compliance with National Institutes of Health Guide for Care and Use of Laboratory Animals, the European Communities Council Directive of 24 November 1986 (86/609/EEC) and approved by The Southern Stockholm Research Animal Ethics Committee. The experiments were performed when possible by examiners blinded to the genotypes or treatments of the mice.
Lipid extraction and analysis
Livers and brains were extracted according to the Folch method. Folch solution (chloroform/methanol 2:1,v:v), 3 and 10 ml, were added to about 100 mg liver tissue and half of a brain or a hippocampus or a cortex from half of a brain, respectively. After 24 hours at room temperature extracts were transferred to new vials and evaporated under argon. After evaporation the extracts were re-dissolved in 1ml Folch and stored at -20°C until required. Sterols and oxysterols were measured in the Folch extract by gas chromatography-mass spectrometry after alkaline hydrolysis using deuterium-labelled internal standards as previously described (14, 15) .
RNA preparation and real-time PCR
Total RNA was prepared using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. RNA (1 µg) was transcribed into cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystem, Carlsbad, CA, USA). The cDNA obtained was diluted 1:10 inRNase-free H 2 O. Real-time PCR was performed with 5 µL cDNA and 12.5 µL SYBRGreen Mastermix (Applied Biosystem). The forward and reverse primers are shown in Table 1 . All values were normalized to Hypoxanthine phosphoribosyltransferase (HPRT) mRNA concentrations for hepatic analyses.
Statistics
Gene expression data are expressed as mean ± range as described by Livak et al. (16) . Sterols determinations are expressed as mean ± standard error of the mean (SEM). Statistical comparisons were performed using the unpaired Students t-test.
RESULTS
Plasma, brain and liver levels of oxysterols and cholesterol in CYP27A1 transgenic mice and controls
In accordance with the previous publication (11) the plasma levels of 27OH were 5-6 fold higher in the transgenic mice than in the controls (p<0.001, Fig. 1 ). There was no significant difference between male and female mice. In accordance with the previous findings, the levels of 24OH were about 30% lower in the transgenic mice (p<0.001 in both genders) possibly due to increased metabolism. The levels of 25-hydroxycholesterol (25OH) were significantly higher in the female transgenic mice than in the controls (p<0.05). This may be due to the fact that CYP27A1 has some 25-hydroxylase activity (17) . There were no significant differences in levels of the other oxysterols measured (7 -, 7-and 7-oxo cholesterol) between the two groups of mice (p>0.05).
As reported previously (11) the levels of 27OH in the liver were increased by about 4-fold in both the male and female mice with overexpressed CYP27A1 (results not shown).
As shown in Fig. 2 , the levels of 27OH were about 11-fold higher in the brain of the transgenic mice than in the controls. The levels of 25OH were 5-10 fold higher in the brain of the transgenic mice, reflecting the fact that human CYP27A1 has some 25-hydroxylase activity (17) . The levels of the dominating oxysterol in the brain, 24OH, was significantly reduced by about 25% in the brain of the transgenic mice (p<0.001 in both males and females).
Effects of the overexpression of CYP27A1 on oxysterols, cholesterol and cholesterol precursors in the brain
The overexpression had no significant effect on the levels of cholesterol in the brain of the mice, neither in males nor in females (p>0.05, Fig. 3 ). Most of the cholesterol precursors measured (lathosterol, lanosterol, follicular fluid meiosis-activating sterol (FF-MAS), testis meiosis-activating sterol (T-MAS)) were increased, suggesting an increased synthesis. In the case of lathosterol, FF-MAS and T-MAS, the increase was highly significant in both males and females (p<0.001). It is noteworthy that the levels of desmosterol were decreased rather than increased (p<0.01 in both males and females).
Effects of the overexpression of CYP27A1 on mRNA levels in the brain
The mRNA levels of Hmgcr were increased in the brain of the male CYP27A1 transgenic mice, suggesting increased synthesis ( p=0.001, Fig. 4a ). The mRNA levels of Hmgcs were increased in the brain of both male and female CYP27A1 transgenic mice (p<0.001 and <0.01, respectively). In the brain of the male CYP27A1 transgenic mice, Srebp2 mRNA was significantly increased (p<0.01, Fig. 4a ). If 27OH is of importance as an activator of LXR target genes the expression of these genes would be expected to increase. This was not observed and in contrast expression of some of the LXR target genes was slightly decreased; for example Abcg1 and Abca1 expression levels were decreased in both male and female transgenic mice. Cyp46a1 mRNA levels were slightly decreased in the brain of female mice.
Effects of a knockout of Cyp27a1
In a previous work we showed that a knockout of cyp27a1 causes a slight increase of cholesterol synthesis in the brain as judged by increased levels of lathosterol, lanosterol, 24,25-dihydrocholesterol and 7-dehydrocholesterol (12) . Essentially the same results were obtained here in cortex from Cyp27a1 -/-mice treated with cholic acid (Fig. 5) . The increase in the levels of lathosterol was highly significant (p=0.001 and p<0.001 for males and females, respectively). In contrast to the other cholesterol precursors the levels of desmosterol were decreased rather than increased. In accordance with the previous work (12), the mRNA levels of Hmgcr and Hmgcs were not increased in the cortex of the Cyp27-/-mice (p>0.05). As shown in Fig. 6 , the effect of the knockout had no significant effect on the LXR target genes. The situation was the same in the hippocampus as in the cortex (results not shown). In order to study the possibility that the knockout of Cyp27a1 may affect the levels of 24OH in the brain, we measured these levels in the cortex of male and female controls and Cyp27a1-/-mice. The male controls had brain levels of 24OH of 51+1 ng/mg and the male Cyp27-/-mice 51+2 ng/mg (mean + SEM, n=6 and 5 respectively). The corresponding figures for the brain levels of 24OH in the female mice were 47+ 2 ng/mg and 47+1 ng/mg, respectively (n=6 and 6 respectively).
DISCUSSION
Effects of the overexpression on cholesterol synthesis
The increased mRNA levels of Hmgcr and Hmgcs in the brain of the CYP27A1 transgenic mice suggest increased synthesis of cholesterol. In accordance with this most of the cholesterol precursors in the brain were also increased. The increased cholesterol synthesis was associated with a marked reduction in the content of 24OH by about 25%. It seems likely that the reduction in the level of this oxysterol, known to be an efficient suppressor of cholesterol synthesis in vitro (18, 19) , is the explanation for the increased cholesterol synthesis. The increase in the level of the inhibiting oxysterol 27OH cannot compensate for this. It should be pointed out that even in the brain of the CYP27A1 transgenic mice, the level of 27OH is less than 10% of the level of 24OH. In wild-type mice, the level of 27OH is less than 1% of the level of 24OH (Fig. 2) .
The reason for the decreased levels of 24OH is likely to be increased metabolism by the overexpressed CYP27A1 enzyme, and this enzyme is required for the metabolism of 24OH (4). Decreased levels of 24OH were observed not only in the brain but also in the circulation. It should be emphasized that in spite of the decreased levels of 24OH there must be an increased metabolism of cholesterol to 24OH to explain the fact that the cholesterol levels were not changed in spite of the increased rate of synthesis.
Cholesterol is a substrate for CYP27A1. A minor fraction of cholesterol in the brain of the CYP27A1 transgenic mice may therefore be metabolized into 27OH that can cross the bloodbrain barrier and be eliminated from the brain. If such a mechanism is active, the increased consumption of cholesterol could be expected to result in a compensatory increase in the synthesis. The normal expression of Cyp27a1 in the brain is very low, however, and even after an overexpression it seems less likely that such a metabolic pathway could be of major importance. In man, almost all 27OH in cerebrospinal fluid originates from the circulation and not from the brain (20) . Under normal conditions very little 27OH is thus formed from brain cholesterol.
There was a clear gender difference in the response to the overexpression of CYP27A1.Thus the degree of stimulation of cholesterol synthesis was higher in the brain of the male than in the brain of the female CYP27A1 transgenic mice. The mechanism behind this difference is unknown at the present state of knowledge.
In a previous work we showed that a knockout of the Cyp27a1 gene causes a slight but significant upregulation of cholesterol synthesis as judged by increased levels of cholesterol precursors (12) . These findings were confirmed in the present work, using cortex and hippocampus instead of whole brain. The most likely explanation for the increased cholesterol synthesis is that the normal flux of 27OH through the brain has a slight inhibitory effect on cholesterol synthesis. This slight inhibition is not reflected in the mRNA levels of Hmgcr and Hmgcs.
The Cyp27a1 -/-mice investigated here were treated with cholic acid in order to compensate for the deficient bile acid synthesis (13) . The deficiency may lead to reduced absorption of fat and fat-soluble vitamins. Although less likely, the possibility must be considered that cholic acid in itself may have some effect on cholesterol synthesis in the brain. This possibility was however excluded in our previous investigation demonstrating that Cyp27a1-/-mice on a normal chow diet without cholic acid supplementation also had increased synthesis of cholesterol in the brain (12) .
There are two pathways for synthesis of cholesterol from lanosterol, one involving lathosterol and 7-dehydrocholesterol as intermediates (the Kandutsch-Russel pathway) and one involving 5,7,24-cholestatrien-3β-ol and desmosterol as intermediates (the Bloch pathway). It is noteworthy that in both mouse models studied here the level of lathosterol was increased whereas the level of desmosterol was decreased. Thus there seems to be a channelling from the Bloch pathway to the Kandutsch-Russel pathway under the conditions employed. Evidence has been presented that neurons and astrocytes preferentially utilize the KandutschRussel and the Block pathway, respectively (21) . Our data does not, however, allow firm conclusions about the cellular origin of the increased cholesterol synthesis.
Theoretical model for regulation of cholesterol homeostasis in the brain
The most important players in the regulation of cholesterol homeostasis in the brain appears to be HMGCR, catalysing the rate-limiting step in cholesterol synthesis, and CYP46A1, catalysing cholesterol metabolism into 24OH. In similarity with the situation in the liver, HMGCR in the brain is subject to a sophisticated regulation both at the transcriptional and the posttranscriptional level. A tendency to an increase of the cholesterol pool will result in decreased rate of synthesis of cholesterol by the SREBP mechanism. A tendency to decrease the cholesterol pool will have the opposite effect. Due to this, the size of the cholesterol pool will not change. In contrast to HMGCR, CYP46A1 is subject to very little regulation at the transcriptional level (22) . Neither cholesterol nor side-chain oxidized oxysterols has a significant effect on transcription (22) . Availability of substrate cholesterol seems to be the most important regulatory factor under normal conditions. Knocking out the cyp46 mechanism for elimination of cholesterol results in a reduction of cholesterol synthesis in the brain by about 40% without affecting cholesterol levels (23) . Inhibition of this mechanism by the drug Voriconazole also causes decreased cholesterol synthesis with unchanged levels of cholesterol (24) . Overexpression of CYP46A1 in a mouse results in increased consumption of brain cholesterol with a compensatory increase in the synthesis (9, 10) . This compensation leads to unchanged levels of cholesterol in the brain.
The markedly reduced levels of 24OH in the brain of the mice with overexpressed CYP27A1 may explain the increased synthesis of cholesterol. 24OH is known to be an efficient inhibitor of cholesterol synthesis in vitro (18, 19) and given the present results and the relatively high levels of 24OH in relation to cholesterol in the brain, it seems likely that 24OH is a physiological suppressor of cholesterol synthesis.
The finding of increased cholesterol synthesis in the brain of the Cyp27a1 -/-mice suggests that 27OH also may be a physiological suppressor of cholesterol synthesis. In view of the very low levels of 27OH in the brain in relation to 24OH, it seems likely that it is the flux of 27OH into the brain that is the regulator, rather than the concentrations. It should be emphasized that in humans the flux of 27OH into the brain, about 5 mg/24h (24) , is similar to the flux of 24OH out from the brain, which is about 6 mg/24h (25) . In spite of this high flux, the levels of 27OH in the brain measured post mortem are markedly lower than the levels of 24OH (25) .
The rate of flux of 27OH into the brain is dependent upon the integrity of the blood-brain barrier (20) and a defective barrier can thus be expected to lead to a higher flux into the brain. It is known that apolipoprotein E (ApoE) deficiency as well as ApoE deficiency together with expression of the human ApoE4 isoform leads to a compromised blood-brain barrier (27) . If 27OH is a suppressor of cholesterol synthesis in the brain, ApoE deficiency would be expected to lead to reduced synthesis. This has been reported to be the case in one study (28) , but not in another (29) .
If the flux of 27OH into the brain inhibits cholesterol synthesis, it is evident that this inhibition cannot counteract the positive effect of the overexpression on cholesterol synthesis in the present mouse model. The positive effect being that the increased metabolism of 24OH by CYP27A1 leads to reduced levels of 24OH which is therefore less potent to inhibit cholesterol synthesis. The situation is similar in our mouse model with increased CYP46A1 activity in the brain (9) . The overexpression caused increased cholesterol synthesis in spite of the increased brain levels of 24OH. Fig. 7 summarises a model for regulation of cholesterol synthesis in the brain that is consistent with all the present data as well as data from previous in vivo and in vitro studies (9, 10, 12, 18, 19, (22) (23) (24) . Further studies are needed however to confirm this model. It should be emphasized that the present results are based on stable animal models under steady state conditions. Thus acute changes in the production or concentration of the oxysterols may give different results. It should also be emphasized that the present results were obtained with whole brain, and we can not exclude the possibility that the situation may be somewhat different in some small compartments in the brain.
Effects on LXR-targeted genes
In similarity with the situation in mice with an overexpression of CYP46A1 (9), the overexpression of CYP27A1 led to moderate changes only in the expression of LXR targeted genes. (cf. fig.4 ). Instead of an expected increase, some of the LXR target genes were slightly decreased by the overexpression. The biological significance of the small decrease is difficult to evaluate, however.
We have considered the possibility that the effects on the LXR targeted genes that were opposite those expected (Abcg1, Abca1, Srebpc1, Apoe in Fig. 4) could be due to a sulphated form of 27OH. Thus it has been reported that the sulphate of 25OH is an antagonist to a normal oxysterol-dependent activation of the LXR receptor (30) . If increased levels of 27OH in the circulation lead to increased levels of the sulphate of 27OH, this could explain that the expression of some of the LXR targeted genes changed in a direction opposite to hat expected. In a separate study an assay of the sulphate of 27OH was developed (Jure A, unpublished). The fraction of the total level of 27OH that was sulphated in the mice with an overexpression of CYP27A1 was however about the same as in the wild-type (Jure A, unpublished). Thus it is seems less likely that 27OH sulphate is of importance for the effects observed.
The possibility must also be considered that the slightly decreased expression of some of the LXR target genes is a consequence of a decreased expression of LXR itself. LXRβ is the dominating form of LXR present in the brain but the mRNA corresponding to this factor was not decreased as a consequence of the overexpression.
A third explanation for the small decrease in mRNA level of some LXR target genes (Abcg1, Abca1, Srebp1c, Apoe in Fig. 4) is the decrease in the pool of 24OH. 24OH is an efficient activator of LXR and a decreased pool of this oxysterol would be expected to reduce the activation of LXR. Such a reduction may compensate for a potential activation due to the increased levels of 27OH in the brain of our mouse model and result in unchanged or reduced expression of the LXR target genes. On the other hand we have shown that in our CYP46A1 overexpressing mice with brain levels of 24OH increased by a factor of about 2, expression of the LXR target genes was not increased (9) . If the levels of 24OH are of importance for expression of the above LXR target genes in the brain the levels are important for the basal expression only.
To summarize, our results do not favour the hypothesis that 27OH is a general activator of LXR in the brain. The levels of 24OH in the brain may be of some importance for the expression of some of the LXR target genes under basal conditions. The results are consistent with the possibility that both 24OH and 27OH have a suppressive effect on cholesterol synthesis in this organ. The effects are moderate, however, and it is evident that the side-chain oxidized oxysterols studied are not important master regulators of cholesterol homeostasis in the brain. 
